other experiment, conducted with eggs collected from the Caquetá River, Colombia, and reared in captivity under constant temperatures, revealed a pivotal temperature of 32.6°C for the same species. VALENZUELA et al. (1997) and MALVASIO et al. (2002a) confirmed the sex determination mechanism of P. expansa in the Bananal Island, Tocantins, but failed to determine the pivotal temperature of the species in this location.
Identifying the sex of P. expansa hatchlings is difficult because juveniles are not obviously externally dimorphic. Consequently, previous studies have relied on invasive methods to determine the sex of the hatchlings, often killing the animals. Amongst these methods are the histological or anatomical scrutiny of the sex organs (ALHO et al. 1984 , MALVASIO et al. 2002b , radioimmunoassay (RIE) tests to measure blood testosterone levels (LANCE et al. 1992 , ROSTAL et al. 1994 and laparoscopy (WYNEKEN et al. 2007) . In a search for non-invasive alternative methods of sex determination for hatchlings of P. expansa (HILDEBRAND et al. 1997) and Lepidochelys olivacea (Eschscholtz, 1829) (MICHEL-MORFIN et al. 2001) , researchers resorted to conventional morphometric analysis. This laborious method that employs several linear measurements, however, is prone to error due to the minuscule size of the hatchlings Geometric morphometric (GM) methods have been applied with success to ascertain the sex of P. expansa hatchlings . GM methods allow the detection of subtle differences between the sexes right after eclosion. Unlike traditional morphometry, which uses linear distances, GM evaluates the entire carapace landscape through points of biological correspondence. Using GM, VALENZUELA et al. (2004) were ZOOLOGIA 26 (3): 527-533, September, 2009 able to correctly identify the sex of P. expansa and Chrysemys picta (Schneider, 1783) hatchlings with 90% and 98%accuracy, respectively. In order to confirm the accuracy of the method, histological analysis of the gonads was performed.
This research had two goals. First, we endeavored to ascertain the pivotal temperature of P. expansa from eggs collected on the beaches of the Bananal Island, State of Tocantins (Brazil). Second, in order to establish a feasible and non-invasive method of sex determination for the population under study, we used GM methods to search for sexual dimorphism in the carapace of the hatchlings.
MATERIAL AND METHODS
Eggs were collected in September 2006 from 10 nests in the Canguçu beach (5º31' S, 50º 05'W), located on the right side of the Javaés River, Bananal Island, Tocantins. Thirty eggs were taken from each nest, totaling 300 eggs. Eggs were collected in the morning of the same day they were laid, to avoid desiccation. Once collected, eggs were placed into plastic boxes containing moist vermiculite (1 g/1 ml) and transported to the laboratory in Vitória (ES). The transportation of the eggs took place during the first two days after oviposition, which corresponds to the best period for their manipulation (MALVASIO et al. 2005) .
In the laboratory, the eggs were distributed among ten incubators, each holding 30 eggs. In order to avoid parental characteristics to prevail over incubation effects (clutch effect), three eggs from each nest were mixed in each of the incubators. Incubator temperatures were adjusted between 28°C e 37°C, with a difference of 1°C between incubators. The temperature was maintained constant with the help of an analogical thermostat with a 0.1°C precision, placed inside the incubators. Eggs were incubated in moist vermiculite (1 g/1 ml). Eclosion success was calculated as a ratio between the total number of eggs and the number of hatchlings from each incubator. Incubation duration was calculated between oviposition and eclosion of the eggs. Eclosion was defined as the moment when the hatchlings break up the egg.
I order to ascertain the relationship between sex dimorphism and carapace shape we used GM methods previously employed by MYERS et al. (2006) . For our analyses we quantified carapace shape in the following manner. First, digital images of the carapace of each hatchling, photographed during its first two weeks of life after complete absorption of the vitelum, were obtained using a Sony DSC-S600 placed perpendicularly to and 25 cm above the subject. An image file was then obtained with the software TpsUtil (ROLPH 2005) . Subsequently, anatomical landmarks were recorded using TpsDig software (ROLPH 2006a) . A total of 26 type 1 and four type 2 anatomical landmarks were employed (Figs 1 and 2), following the classification of BOOKSTEIN (1991) . Type 1 landmarks are formed by the intersections between the lines delineating the vertebral, lateral and marginal scutes; type 2 landmarks include the invaginations of the outer portion of the marginal scutes of the neck (anterior) and anal regions (posterior). Hatchlings that displayed anomalies in the carapace, such as discrepant number of scutes, were excluded from the morphometric analysis, but included in the determination of the pivotal temperature.
The anatomical landmarks of all individuals were superimposed in TPSRelw (ROLPH 2006b) to generate a consensus. Procrustes distance analysis was then used to evaluate the similarities between shapes and mathematically remove the effects of digitizing position, orientation, and scale. From the aligned anatomical landmarks, a W-matrix was calculated as partial warp scores from the thin-plate spline (TPS) (MONTEIRO & REIS 1999) .
Figures 1-2. Anatomical landmarks used in the geometric morphometric analysis of the 92 hatchlings of Podocnemis expansa shortly after eclosion (1) and the consensus generated by the superposition of the carapaces of all hatchlings (2).
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Using the shape data described above, morphological variation was assessed in the following manner. First, we performed a multivariate analysis of variance (MANOVA) over the W-matrix using the program TpsRegr (ROLPH 2005) , in order to determine whether there were differences in carapace shape between the sexes (i.e., sexual dimorphism). Second, we used the program TpsRewl to generate deformation grids (Tps function) to facilitate the visualization of shapes and the direction and magnitude of the differences between the carapaces. Finally, we used multivariate regression to calculate the percentage of variation due to sex, using the software TpsRegr. In order to evaluate the percentage of correct sex allocation, we performed permutation and cross-validation tests using the software Statistica 6.0.
The correct sex classification was observed by contrasting the estimated sex with the true sex as assigned by gonadal inspection, which was performed as described below. First, one month old hatchlings were killed with an intra-cardiac injection of Thiopental Sodium (1g). Second, the plastron of each specimen together with the stomach, intestines and liver were removed with a surgical scissors to allow the visualization of the gonads. Each pair of gonads was subsequently stored together with the kidneys in a container filled with 10% formaline. Third, the gonads were embedded in paraffin, sliced with the help of a microtome and colored with hematoxylineosin for slide preparation. Sex determination was then conducted in all hatchlings as outlined in MALVASIO et al. (2002b) .
RESULTS
The pivotal temperature for the population of P. expansa under study (Rio Javaés, Bananal Island) was 33.5°C (Fig. 3) . A total of 96 hatchlings from 10 incubators were used in this calculation. A sudden drop in eclosion success happened below 29°C and above 36°C, suggesting that these temperatures correspond to thresholds above and below which the embryos cannot survive (Tab. I). A positive correlation between duration and temperature of incubation (r 2 = 0.848, p < 0.01) was found in this study.
Examining carapace shape variation of hatchlings of P. expansa using MANOVA, we found significant effects for sex (F = 10.85, p < 0.01). Using cross-validation analysis, we found that 84.3% of hatchlings were correctly classified. Sex differences were responsible for 10.8% of the carapace shape variation. Principal component analysis revealed overlap in shape space for several specimens, what rendered impossible a complete separation between the sexes of these individuals (Fig. 4) .
In general terms, the carapace shapes of male and female hatchlings of P. expansa from the Bananal Island were similar to the shapes described by for the population in Colombia (Figs 5-8) . With respect to sexual dimorphism, males from both places displayed relative more expansion of the central vertebral region of the carapace relative to females. In the latter, the anatomical marks of the center of the carapace are grouped more closely together, the vertebral scutes are narrower and the lateral scutes are wider than in the former. When comparing the populations from the Bananal Island with populations from Colombia, however, a difference in the anal region of the carapace, which is more compressed in males from the Bananal Island, was discerned.
In contrast with the hatchlings from Colombia, with males and females presenting differences in the marginal scutes near the head and neck plates, hatchlings from the Bananal Island did not show significant dimorphism in this region. In males from Colombia, the caudal region of the carapace is wider and the frontal region is narrower with respect to females. In contrast, no sexual dimorphism was encountered in either region (anterior and posterior) of the carapace of hatchlings from the Bananal Island. In summary, the main sexual differences in the hatchlings from Brazil are in the central region of the carapace: the females are more round and dome-shaped and males tend to have a more elongated and flattened carapace.
DISCUSSION
The pivotal temperature found in this research for P. expansa was 33.5ºC, in-between the pivotal temperatures for populations of Rio Trombetas, Pará (34.5°C: ALHO et al. 1984) and Rio Caquetá, Colômbia (32.6°C: VALENZUELA 2001). Nevertheless, these differing results must be interpreted with caution, as they could be due to differing methodologies used in the various studies, as for example in-situ incubation versus laboratory incubation. Independent from these considerations, however, the pivotal temperature of P. expansa is the highest ever recorded for a reptile (VALENZUELA & LANCE 2004) . Another turtle that nesting on the same beaches as P. expansa (SOUZA & VOGT 1994) , Podocnemis unifilis (Troschel, 1848), also has a high pivotal temperature (ca. 32°C). The high pivotal temperature of P. expansa may be due to the fact that this tropical species (PRITCHARD & TREBBAU 1984) nests on open and sandy beaches that are mainly devoid of vegetation (FERREIRA JÚNIOR & CASTRO 2003) . The resulting high incubation temperatures determine the need for high pivotal temperatures in order to avoid female-biased that would prevent further reproduction. High temperatures also determine shorter incubation duration, which turns out to be essential to eclosion success in the natural environment under study. In fact, one of the major causes of viable turtle nest losses in fluvial beaches is nest flooding (ESCALONA & FA 1998 , PÁEZ & BOCK 1998 PEZZUTI & VOGT 1999 . For both P. expansa and P. unifilis, the timing of the wet season and consequent raise in the water levels of the Brazilian northern and mid-western rivers can be decisive for the survival of the embryos and hatchlings (ALHO & PÁDUA 1982 , FERREIRA JÚNIOR & CASTRO 2003 , 2005 . Higher temperatures shorten the length of incubation, allowing embryogenesis to complete before the floods come (FERREIRA JÚNIOR & CASTRO 2006) .
In spite of the fact that P. expansa has a continuous distribution (even if irregularly so) along the shores of the Amazonas, Orinoco and Tocantins-Araguaia rivers (PRITCHARD & TREBBAU 1984) , genetic differences between populations in Brazil, Peru and Colombia (VALENZUELA 2001, BOCK et al. 2001) have been found. Differences in allele frequencies allow for the separation between populations in the north and south of the Araguaia River (SITES JR et al. 1999) . Interplay between climatic and genetic differences along the wide geographic range of P. expansa may be responsible for the different pivotal temperatures, which guarantee a balanced sex ratio of the hatchlings. The estimation of the pivotal temperature in the different populations of P. expansa is essential to guarantee success in management and conservation efforts, and may be an important factor to consider when giving priority to certain conservation areas.
As expected, a larger percentage of females resulted from higher incubation temperatures, whereas, males were more abundant when incubation temperatures were lower. Contrary to expectations, however, this relationship was not always precise: temperatures of 36°C and 30°C, for example, resulted in a mixed brood. The low hatching success below 29°C and above 36°C (10% e 13% respectively) can be attributed to the species' thermal limits and are seldom reached in the open sandy beaches where P. expansa nests (FERREIRA JÚNIOR & CASTRO 2006) .
In agreement with previous results ), we were able to uncover sexual dimorphism in the external morphology of P. expansa hatchlings using GM methods. Additionally, some resemblances between the carapaces of the hatchlings in this study and those from Colombia were found. It was established that the central portion of the carapace, where the vertebral scutes are located, is the region where most sex dimorphism can be detected in both populations. In spite of this similarity, however, both populations did not fully agree in the whole spectrum of their carapace dimorphism: Brazilian hatchlings did not exhibit sexual dimorphism in the vertebral and lateral scutes near the cloaca and the neck, as did the hatchlings from Colombia.
Only a small portion of the carapace shape can be explained by sex (10.8%). The remaining 89.2% may be attributed to variables such as multiple paternity, (VALENZUELA 2000) , genetic influences (VALENZUELA 2001), as well as differing incubation temperatures (higher temperatures determine faster development; YNTEMA & MROSOVSKY 1982) . Besides affecting gonadal differentiation, incubation temperatures may influence embryonary development which in turn reflects in the shape of the carapace (STANDING et al. 1999) . The differences in carapace morphology found between populations of P. expansa from the Caquetá River, Colombia, and Javaés River, Brazil, did not come as a surprise, as these populations are separated by ca. 2500 km. Nonetheless, these differences enrich our results as they provide one more indication that GM may be suitable for population differentiation as well as sex differentiation. A similar conclusion had been reached by MYERS et al. (2006) who were able to discriminate between two populations of Trachemys scripta (Schoepff, 1792), separated by less than 5 km, based on the shape of the plastron using GM methods. In conclusion, our results suggest that, in addition to metapopulation structure (SITES JR et al. 1999 , BOCK et al. 2001 , the carapace shape variation of P. expansa and this study) may provide a feasible, non-invasive and cheap method to differentiate between populations, what can be very useful in ecological studies.
